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ABSTRACT

We have identified a new three-dimensional l\'J-ion conductor, !\1.9 “]g0.9ﬁs"..0504
(KSICON). Its resistivity at 300°C is 28 Q-cm, which is less than one-tourth the
value for the best potassium B-alumina. We have also performaed more definitive
measurements of the fast, three-dimensional Na'-ion transport in the compound
NaSZrZSiZPOﬂ (NASICON). After correcting for contact resistance, the resistiv-
ity mecasured at 300°C is 3 Q-cm, compared with a value of 4 Q-cm for a sample
of f"-alumina supplicd by the Ford Motor Company. Moisture tests show that
NASICON is inscnsitive to water vapor, a definite improvement on f"-alumna,
Static tests i moltei NaZS4 for 10 days at 400*C indicated chemical stability,
similar testing in molten sodium was mmtiated, and 1t has been established that
sabstitution of IIf for Zr represents no chemical problem. Dynamice tests i a
Na-Na cell are in progress, but conclusive cvaluation for chemical stability awaits
the preparation of additional test specimens of nearly theoretical density,
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SOLID ELECTROLYTES: ALKALI-ION TRANSPORT
IN SKi'LETON STRUCTURES

I.  SUMMARY

Since our discovery of fast Na'-ion transport in Na3ZrZSi2POiz (which we have designateu
NASICON, for Na superionic conductor), our work has becn mmore sharply divided into two sep-
arate tasks: a continuing search for new solid electrolytes, and ceramic development/testing
of NASICON.

New Solid Electrolytes: In previous reports, we have mentioned the Carnegieite structure

of high-temperature NaAlSiO4, which is built up of corner-shared tetrahedra. [he interstitial
space of the cubic (AlSiO4) networ:, or skeleton, is identical to the skeleton itself, but dis-
placed by half a lalice pavameter. 1~ this structure, half the interstitial cation sites are occu-~
pied by Na* ions, and the "bottleneck" through which a Nat ion must jump to get from one site
to another is a Liexagon outlined by tetrahedral-site edges. With a cell size of a = 7.38 ./c\, water
18 not a caataminant of NaAlSiO4. Unfortunately, the cubic structure is not stable at room
tempcrature. lowever, l\'aZCaSiO4 and Na2 MgSiO,4 are reported to form stable structures with
(Mi LSiO_i)z- networks related to that of Carnegieite, except that the networks are distorted so
as to allow for shorter Na-O bonding. These distorted stiuctures have bottlenecks with a
smallest diameter less than 4,31 ,0\ significantly smaller than twice the sum of Nat and OZ-
ionic radii (4.8 A). Presumably this is why compounds in the system NaZ_XCaSii__\_P:\_O4 were
observed to have poor ionic conductivity. The Carnegieite (AlSiO4) network has been stabi-
lized at room temperature by the addition of extra Na O molecules in the interstitial space,

but these estra molecules block Na'-ion transport. l'or example, cubic NaAleO (\‘820) s
where x - 0.25 and 0.5, ha ¢ Na'-ion conductivities at 300°C more than two orders of m.gni-
tude lower than that of 3"-alumina,

Siuce the Na' 1on is apparently too small to support the (AlSiO4)' network of Carnegieite,
we undertook a study of k'-ton analogs. The system 1{2 Z\Mg1 \Sii+\04 has the cubic netwcerk
with no distortion at room temperature. Single-~-crysta! structure determmatwn for 1\2 MgSlO
gave space group I'dsm. The k' ions are surrounded by twelve O ions at a K-O distance of
3.2 ,7\ which is much too large for accommodation of a small Na'ion. The diamecter of the
regular-hexagon bottleneck is 5.48 /0\, Just larger than twice the sum of the K and 02- ionic
rachi, 5.46 A. Since no additiona! molecules have been introduced to stabilize the structure,
good K*-ion transport was anticipated,

Ceramic disks of Ki.‘)MgO.QSSii.OSO‘I (KSICON) with 94-percent theoretical density were
prepared by hot pressing, and the K*-ion conductivity was determined with pseudoreversible
graphite electrodes at 1000 kllz. The results, summarized in I'ig. I-1, gave a resistivity at
300°C of 28 ©-cm and an activation energy of 0.35 eV. This is the best solid electrolyte for
K'-10n transport that is yet known,

Testing of Na3g_2r2§_izli_0“ (NASICCN): The resistivity of NASICON reported in our preced-
ing Semisnnual I'echnical Summary (31 December 1975, DDC AD-A022199/4) was determined
with pseudores ersible graphite electrodes and included an impedance at the electrodes due to

polarization. In order to eliminate the clectrode contribution, a rod of the compound was fabri-

cated and the resistances of various lengths of this tod were determined. T'he vesuits, plotted
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Itig. 1-2, etermination of resistivity via a resistance-vs-length plot.

in Fig.1-2, give the expected straight-line relatioaship between resistance R and specimen
length x:

R = A + Bx

where A is the electrode contribution to the resistarce. Subtraction of this contribution yields
a value of 3 Q-cm for the resistivity of ceramic NASI”ON at 300°C.

I'or comparison, the resistivity of a sample of B"'A1203 supplied by the Ford Motor Com-
pany was determined as a function of temperature by the same measurement techmque. These
measurements gave a resistivity of 4 Q-cm at 300°C and an activation energy of 0.17 eV, in
excellent agreement with values reported in the literature.

It is well known that 3"-alumina is sensitive to water. In order to test the sensitivity of
NASICON to humidity, we placed three ceramic disks above water in a sealed container, i.e.,
in an environment of 100-percent hunudity. One disk was removed atter 4 days, the second
after 7 days, and the third after 28 days. None of these samples showe.l any dimensional
change or mechanical degradation. We dried them, applied colloidal graphite for electrodes,
and determined their resistivities at 300°C. The measured values ranged from 5 to 6 Q-cm,
with the lowest valuc for the sample subjected longest to 100-percent humidity. We also made
severul indepeadent measurements of the resistivity of a companion sample that had been set
aside for use as a control, removing the graphite and recoating between each determination.
These values also range d between 5 and 6 Q-cm.  (Apparently colloidal graphite is not ar 1ideal
pseudores ersible electrode for NASIZ QN, since its effectiveness varies from application-to-
application. A search for a more reproduc:ble electrode has been imtiated.) We conclude that

NASICON is resistant to water damage and is not affected by humid environments,

i
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For use in Na-S cells, NASICON must be stable in the presence of molten Na and NaXS. A
static test for chemical stability ir molten polysulfide was made by immersing a 94-percent-
dense specimen in molten NaZS4 for 10 days at 400°C. The recovered specimen was cleaned
and examined. No measurable weight, dimensional, or rusistance changes were found. We
conclude that NASICON is quite stable in molten polysulfides. However, longer tests under
dynamic conditions are necessary before long-term stability of the material can be established.

Tests for stability in molten sodium have been initiated. Preliminary static tests reveal
a need for more pure ZrO2 in synthesizing the compound, but substitution of Hf for Zr presents
no problem. For dynamic testing, the following apparatus was coustructed for U-tube sodium-
sodium cells. Two half-inch vacuum quick-connects are mounted in a water-cooled brass
plate designed to rest on a wide-mouthed dewar. The clamped "O% rings at the bottom of these
quick-connects seal the glass U-tube and hold *t in place inside the dewar; those at the top
hold dispensing funnels that are replaced by electrodes after a sodium fill is completed. A
valved vacuum connection is made to the sid:s of the quick-~-connects, and supports are pro-
vided vo keep the glass tube from moving when its internal pressure charges. A jig fer proper
spacing of the U-tube arms was also constructed.

A NASICON disk 0.424 x 0.093 in. was sealed across the center of a length of Corning
Code 7280 glass tubing, and another two lengths of tubing were scaled to the ends at right an-
gles to form a U-tube. Three feet of nichrome wire were wound around the middle section ot
this U-tube and were held in place with Kaptan tape. A thermocouple was taped to ihe glass
immediately over the sample. Then the U-tube was mounted in the quick-connec.s and vacuum
baked at 300°C overnight before filling with sodium.

In order to avo d contamination of the sodium, the central portion of the stopcock in each
dispensing funnel haa to remain ungreased, and hence did not form a gas-tight scal between the
body of the funnel and its tip. This circumstance made necessary a very elaborate filling pro-
cedure in which both dispensing funnels had to be in position, connected to the U-tube, while
they themselves were charged from a primary funnel, with many cycles of evacuate, heat,
cool, and backfill with argon. Firally, the electrodes had to be substituted for the funnels
without letting the liquid sodium freeze ov oxidize.

As enpected, the sodium-ceramic contacts showed no frequency dependence and no asym-
metry in the U-tube configuration; the sample resistance remained the same for both directions
of current flow. We measured resistivities of p = 31 Q-cm at 155°C and p = 14.7 Q-cm at
200°C at a current level of 125 mA. Sometime during the ..ight, at least 5 hr later, the sample
developed a short and cracked (or vice versa), cracking the glass and aborting the run. I'rom
these measurements, it became clear that more dense samples are required. We believe that
electron tunneling between pores in the ceramic causes a buildup of sodium metal in the pores,
starting from the surface. Intime, filling of the voids with metallic sodium causes the circut
to be shorted.

Subscquent «tt :mpts have been plagued with nonessential problems. Qur latest run suffered
from an overfill i ~ne arm of the U-tube, which became blocked by a plug of solidified sodium.
Consequently, expension of the liquid sodium caused tie glass to crack shortly after the sample
re~~hed 309°C, where we obtained a DC resistivity of Page * 5.0 Q-cm at a current Jdensity of

2
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Ve are still developing techniques for the fabrication of dense cerami. membranes. So

NG i
- -——en

far, n.ethods othe. than hot-pressing have yielded specimens as dense as 97 prrcent of theoret-

ical. While hot-pressing has given close to theorctical density, such specimens will be used
only for preliminary testing. Inexpensive fabrication requires finding other methods to achicve
comparable densities, and these are being sought.
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- ABSTRACT
I'ast alkaii-ton conductors constst of a rigid, threc-dimensional network stabilized by
clectrons from the mobile ions, which partially occupy a two- or three-dimensionally

Iinked interstitial space. The netvorks thus far identified may be classified into three

L £ i

groups, depending on whether the three-dimensional, rigid skeleton is built from
: tetrahedra, octahedra, or a combination of the two. EKach group is then divided
Lh into subgroups, depending on whether the aniouns are bonded to two, three, or four
networhk cations.  I'he system l\'z -2.\:‘“g1-x8i1¢\'0-4 represents the drst group, where
Mg()_}
bonded by two sheleton cations to form a three~-dimensional network.  Systems

Na
Nyiex
three-dimensional networks are formed by sharing corners and/or edges of ’l‘a()sl’

and Sl()1 tetrahedra are shared by corners in such a way that each oxygen is

I‘az()sl-‘ . ()\, and \‘aSbO3 « 1/6Nal’ represent the second group, where the

and Sh()() octahedra. The system Na Zx‘ZS\l’ O, , represents the third group,

1ix 3-xT12

where the three-dimensional skeloton 1s made from corngr-shared Sl()_1 (or 1’04)
tetrabedra and '/,r()() octahedra. Relations between activation energy, bottleneck size
and chemical bonding are discussed. The 1onme conduetivity of I\'a3Zr25i2P012 is

-1 -1 . . . .
0.3 @ 'm  at 300°C, whieh is competiive with the best 3" -alumina.

IN FRODUCTION

Sohd electrolytes that transport alkah 1ons are being developed for use tn high-specific-
crergy secondary batteries, thermoelectrie generators, and cledtrolytic cells for extracting
meta's from molten salts.  Tlus paper restricts itself to a general consideration of the crystal-
lographic featvres to be looked for in such an electrolvte.

I'he essontial structural feature is whe existence of a rmigid, three-dimensional network
having an interstitial lattice  partially occupied by athall 1ons A that is connected in at
least one dimension,  'ne mooility of the A lons s governed by the transition probability for
aion transter fron one site to a neighbor of the mterstitial lattice.  In the electrolyies dis-
cussed in tins talk, the rigid network consists of metal atoms M =« .\l} 4 ,Jx\lz t ... and oxygen
atoms O. If onlv alkali 1ns oceum the interstitial space, the general cheracal formula may
be represented by .A\\“(.\l\()y)\-, where the rmgid network h\l\()’l)\- 's stabihized by accepting
s electrons frond the mobile A wons.  How ever, it s not uncommon for additional molecules

such as “Z()' ALO, or A to also enter interstitial space, Beoause these additional molecules

Fhis work was sponsored by the Defense Advanced Research Projects Ageney and NS RANN.
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tend to act as contaminants, they are initially ignored in the gencral discussion of crystallo-
graphic principles to be considered in the secarch for new solid electrolytes that transport ai-
kali ions.

As indicated in Table I, this talk is restricted further to a consideration of rigid network-
built from MO4 tetrahedra, MO6 octahedra, or a combiaation of the two. These polyhedra may
be connected in a variety of ways, and the anion." can hond to two or more network cations.

For fast A%-ion transport, the A sublattice is connected, the A-site polyhedra sharing
common faces. A common face -- or "bottleneck" — should have a smallest diameter greater
than twice the sum of the anion and alkali-ion radii. For fast Na'-ion transport in an oxide,
for example, the smallest diameter should exceed 4.8 A

In addition to these geometrical constraints, chemical bonding also plays a role. Ideally,
the potential energy of the Nat ion at a bottleneck position should be similar to that at an
A-sublattice site. This can be accomplished by having an increase in Madelung energy cancelled
by a decrease of elastic and/or covalent-bond energy. Intuitively, a balancing of these cnergies
is more probable in structures where the covalent contribution to the A-O bonds is minimized
by a polarization of t} e amon electron cloud away from the At ion. This polarization can be
accomplished in two ways: (1) the anions can bond with more than two cations of the network
and (2) the anions can form strongly covalent M-O bonds within the rigid network. 7he first
approach limits the dimensionality of the A*-ion transport. Ior example, where the anions
bond to four or more networ'. cations, the anion array is ¢’ose-packed and there is no connected
interstitial suklattice for A+-ion transport. If anicns bond to three network cations, either one-
dimensional or two-dimensional traasport can occur: it er Li' ions transport in one dimension
in the tetragonal rutile structure, two-dimensional transport occurs in layered compounds.
Threc-dimensional A* -jon transport requires the presence of anions bonding to only twc net-
work cations. In this case, polarization of the OZ'-ion charge density away from the A ion
requires strongly covalent 7 and ¢ M-O bonds witnin the rigid network.

One-dimensional transport in tunnel structures is readily blo.ked by stacking faults and
impurities. Twc-dimensional transport in polycrystalline ceramics suffers a loss in mobile-
ion density and grain-boundary conductance if the transporting layers are widely separatcd, as
in p-alumina. Moreover, anisotropic thermal expansion reduces the mechanical strength and
life of thermally cycled membranes. Three-dimensional transport 1s therefore preferable,
and this restricts to two the number of M-O bonds per anion. Mininuzation of the covalent
contribution to the A-O bonds appears to recommend, in this case, the selection of such strougly
covalent complexes as SO,f_, NO3', 13033', CO32—, 1’043', or SiO_f' together with a transition-
metal cation having an empty d shell for strong 7 bonding. In view of the requirement that the
compound not be reduced by the molten alkali metal, the transition-metal cations are essen-
tially redured to two alternatives: Zr4+ and 'l‘as*.

It follows from these arguments that the solid electrolvtes under consideration may be
classified into three groups, depending upon whether the rigid network is built fron. MO‘l tet-
rabedra, MO6 octahedra, or a combination of the two. M\loreover, as indicated in l'able I,
each of these groups may be subdivided in accordance with the number of M-O bonds per 02' 0n,
Some significant structural properties of the illustrative enamples cited 1in Iable 1 are discussed
below.
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NETWORK FORMEEL BY LINKED TETRAHEDRA

A rigid network Myoz built of linked tetrahedra inust have a ratio z/v = 2. since no other
ratio can allow a three-dimensional network. All zeolites, for example, have z/y = 2, corre-
sponding to two M-O bonds per network anion. However, most of these aluminosilicates have
too l: rge an interstitial space; if their cell size exceeds 10 3, they are generally stabilized by
water — or some other molecule — that fills the interstitial space and blocks A*-ion diffusion.

Carnegieite, tohe high-temperature form of NaAISiO4, has a cubic (AlSiO4)' network with
cell size a = 7.38 A, which is small enough that water is not a contaminant. Unfortunately the
structure is not stable at room temperature. At this tempevature, only ;\‘aZCaSiO 4 and
NaZMgSiO 4 are reported to form stable structures with (MZ+SiO 4)2' net:vorks related to that
of Carnegieite; and these networks are distorted by bonding with the Na” ions. These distorted
networks have distoried-hexagonal bottlenecks with a smallest diameter less than 4.31 :i, sig-
nificantly smaller than the sum of Na¥ and 02' ionic radii (4.8 f\). Presumably this is why
compounds in the system Natz_xCaSii_xPxO4 were ohrerved to have poor ionic conductivity.
The Carnegieite (AlSiO 4) network has been stabilized to room temperature by the addition of
extra molecules in the interstitial space: cubic NaZAl-‘,Sian . (Naz())x, where x = 0.5 and 1.
At 300°C, the NA*-ion conductivity of these compounds is three orders of magnitude poorer
than that of g"-alumina.

Since the Na' ion is apparently tvo small to support the (AlSiO4)' network of Carnegieite,
k*-ion analogs were prepared. The system KZ-Zngi-xSinot} has the cubic network with no
distortion at room temperature. Single-crystal structure determination gave space group
Fd3m. The K' ions are surronunded by twelve OZ‘ ions at a K-O distance of 3.2 ,E\ which 1s much
too large for accommodation of a small Na” ion. The bottleneck is a regular hexagon formed
by MO4-tetrahedra edges; the diametcr of 5.48 A (see I'ig. 1) is large cnough for fast K*-on
transport. (Twice the sum of k" and ()2' jonic radi1 is 5.46 A.) Since no "additional molecules"
are introduced to stabilize this structure, good K*-ion transport was anticipated and found.

NETWORK FORMED BY LINKED OCTAHEDRA

If the cations M in A.\'M Oz are coordinated octahedrally by the anmons, formation of a
three~-dimensional network requires a ratio z/y < 3. These networks may be subdivided into
three groups: (1) a z/y = 3 corresponding to two M-O bonds per network anion, (2)az/y = 2
corresponding to three M-O bonds per network anion, and (3) 2 < z/y < 3, corresponding to
some cations with two, others with three, M-O bonds per network anion.

A. Two M-O Bonds per Network Anion

1. NaSbO3 » 1/6 Nal’, ‘The (Sb03)' network of this cubic structure contains pairs of edge-

shared octahedra that are corner-shareqd to form the three-dimensional array illustrated in
Fig.2, Each O-atom is bonded to two Sb atoms. This newwork contains tunnels along the (111D
axes that intersect at the origin and body-center positions. T'he tunnel-intersection sites of

the interstitial space are occupied by I~ 1ons. The tunnzl segments between intersection sites,
which consist of three face-shared octahedra squashed along the tunnel axis, are partially
occupied by Na' ions. The central octahedron, site 8c of the structure, 1s bounded by two
triangular botilenecks of 02 atoms; its face-shared octahedra, sites fof, have a triangular face

. . - " t .
of O1 ato n3 in common with the I polyhedron. The Na  1ons are distributed between 8¢ and

10
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16f sites, but electrostatic forces correlate vacancies at the 1of gites bordoring an occupicd

:
8c site. The Debyve-Waller factor tndi. ates ancmaloasly large thermal motion of the Mo aons

At N
e

in 16f sites along (100> directions, indicating excellent 10n transport between fof sites of
neighboring tunnel segments around the 1~ ions.  Ihe eaistence of large numbers of Na  wous
at 8c positions indicates that the potential encrgy for a Na™ ton at tlis siie dous not dilfer too

much from that at the crystaliographically inequivalent 16f sites. The prinapal bottleneck to

TR, EYSET T PTTE PV BRI AT

Na+—ion motion is, therefore, the O2 triangle, which has a distance from its center to an O2

position of 2.38 A, This distance is just large enough for fast Nz -ion transport. This rela-
tively tight bottleneck and the absence of 7-bonding orbitals at the Sb:’l ions may account for

the relatively large activation energy (0.35 e\) observed in this compound.  Nevertheless, a

il relatively large pre-exponential factor in the conductivity expression - due to a ngh Na ' -ion

. concentration of 17.4 > 102l ions/vm3 — lowers the resistivity at 300°C to 13 Qem (or less,

’ since no correction was made for contact resistance).

<. The defect pyrochlore Na’l'aZOsl-' . x.\'az(). The cubic pyrochlove structure with cheim-

ical formula A2 BZX()X' has a rigid BZN() network of corner-shared octabedra. With space group

: Fu3m, assignment of B cations to posttions 16¢ places the interstitial, larger A cations at 1od
!j and the interstitial X' anions at 8b, I'he interstiiial .~\ZX' array consists ol a three-dimensional
8 network of corner-shared X'A-l tetrahedra.
Two types of defect pyrochlores have been identified.  One has vacancies at the 8b positions,

the other has vacancies at the tud positicns and a large At cation substituting for the N' anion
; at 8b. The f{irst type is illustrated by AgZSbZO()‘ ;hc sceond by Rb'l’az()_.,l'. in the latter com-
i pound, the I~ ions are randomly substituted for O~ ions of the (Hz\b‘,' network,  In both
cases, the interstitial array 1s partially occupied by cations: however, the tod and 8b sites
are not crystallographically equivalent, so last 10on transport requires ceithier the itroduction
4 of vacancies among the occupied 16d or 8b sites or an adjustment of the cell size that makes
nearly equivalent the potential encrgy for A ons on 1od and 8b sites. The Madelung encrgy
stabilizes Al tons on 16d sites, clastic forces stabihze larvge A 1ons on 8b sttes, where the
A-O distances exceed 3.2 A, The A*(HZ.\(’)' delect pyrochlores ave stabirized by the large Rb'
and ¢* ions; il the s1ze of the BZX() array s small enough, a k' on may also be used, as in
l\'.\lgAIl“(). In the case of Rb'l‘az()sl', which can be synthesized directly, the potassium analog
can only be made by 1on exchange; and the 1on-exchanged product as hygroscopic. Water enters
gl .\'IIZ

z()' molecules are introduced, the O' atoms occupying

. B e
the 8b sites, displacing the K jons to the tod sites in K 'a, 0 0O, x< 1. Inthe case of

ion exchange with sodium, additional Na

8b positions 1n Na'l‘az()sl" . \\'az()'. N 0,28, In NIgALE, . the cell s1ze 1s small enouga to

; 6
t . . i,
exclude water, but 1t also inhibits K <10n occupancy of the fod sites. Since the K tons must

Mg, , Al :
1=\ l‘“1*\' i-\'l(.'
makes the 16d position  at the center of a puchered hesxagon  a constrictive bottleneck. In

traverse a 16d site to jump between 8b positions 1in N this size inhibition
\a'l‘az()sl' . \1\&12()', thus bottleneeh, shown in big. 3, 1s large cnough to accommodate the
\al lons: the cqunvalent Na-0 distance 18 2,58 A0 However, transport of Na' jons from
16d to 164 site 1s partially bloched by the O'jons,  and the short fud-8b distance of 2.27 A
tdicates strong Na-0O' bonding, whichas probably responsible Tor the lngh activation energsy,
0.4 e\, observed for 1on transport, Nevertheless, at 3007 C the resistivity 1s only 150 Qum

for Na I‘az()c)i' + 0,28 ,\al().
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B. Three M-O Bonds per Network Anion

The Hollandite structure of K, ’\Ig /ZTis-x /201 6 X 0.8, has an MgO, network formed
b% MO, octahedra sharing corners and edges as shown in Fig.4. In this structure each anion
is bonded to three M atoms, and the interstiticl space partially occupxed by K* ions consisws
of one-dimensional tunnels that are isolated from one another. The A* ions occupy a large site
bounded by twelve anions. In Ko, gMgq 4114 6016' the K-O distance is 3.3 A but in the square
bottleneck between sites aiong a tunnel — see IFig. 4 - the K~O distance would be only 2.3 A too
small for K*-ion transport with an activation energy of only 0.2 eV. The absence of any de-
tectable d.c. transport is consistent with this observation; the low activation energy (0.2 eV)
for high-frequency a.c. conductivity is apparently for K*-ion displacements within the large

K+—ion sites.

C. Two and Three M-O Bonds per Network Anion

The compound KZSb 4O1 1 has a rigid network of SbO6 octahedra sharing corners and edges
in such a way that some oxygen atoms share two Sb atoms, others three. One-dimensional
tunnels run parallel to the b and ¢ axes. The bottleneck of a b-tunnel is illustrated in Fig. 5;
it has a shortest 0-O diameter of 5.16 A. The c-tunnel and cross-tunnel bottlenecks are rect-
angular with shortcst 0-0 diameters of 5.04 2nd 5.38 A respectively. These diameters are

too short for fast K' -ion transport, and a resistivity at 300°C was observed to be 4 X 105 Qcm.

NETWORK FORMED BY LINKED OCTAHEDRA AND TETRAHEDRA
A, Two M-O Bonds per Network Anion

The system I\a /I‘ZSl\ 3- \012 has a three-dimensional netwerk of PO4 and SiO4 tetra-
hedra corner-shar ed w1th 7r06 octahedra. LEvery O atom bonds with one Zr atom and one P
1- yS‘yO4)3 units, and the (1 + x)

Na' ions (x = 3y) occupy a three-dimensionally linked interstitial space. The end members of

or 81 atom. As shown in I'ig. 6, the network is built up of Zr, (P

this system hase hexagonal symmetry; in a compositional range about 1\‘3321'?_SiZPO12 the struc-
ture is distorted to monoclinic symmetry. I'ne interstitial space contains two distinguishable
crystalle graphic sites in the hexagonal phase, three in the monoclinic phase: per formula unit
4Na = Nai1) + 3Na(2) or Na(1) + Na(2) + 2Na(3) sites. In the hexagonal phase, Na(2) sites form
close-packed layers, and the Na(1) are octahedra'ly coordinated with the Na(2) layers. Kach
Na(2) atom has two Na(1) neighbors. In the monoclinic symmetry, the 3Na(2) layers become
Na(2) + 2Na(3) layers, and each Na(1) site is octahedrally coordinated by 2Na(2) and 4Na(3) sites,
as shown in I'ig. 7. The bottlenecks between Na(1) and Na(2) or Na(3) sites are puchered hexa-
gons formed by three ZrOO octahedral edges alternating with three tetrahedral edges, as .llus-
trated in Pig, 8. The shortest diameter across this hexagon is 4.95 A, which is laiger than
twice the sum of the Na¥ and OZ- ionic radii (4.8 A). Thus the geometrical condition for fast
Na'-ion transport is sntisfied provided the preference energies for the Na' ions at different
interstitial sites are not too dissimilar. Morecover, each O atom forms a strong, covalent
¢ bond with 1> or Ji atoms; it is able to form strong = bonds with the Zr 3d orbitals. There-
fore, the anion charge should be well polarized into the network, away from the Na sites.

The end member NaZrz{i'\)_l)3 has all the Na' ions at Na(1) positions and a poor ionic con-
dnctivity.  Na, A (S)() )3 has all the Na sites oceupied, so this compoud is also a poor Na'-ion

conductor. \‘a3.(t‘2812 'O, ,, on the other hand, has a resistvity at 300 C of only 3 Qem with an

12°




activation energy of about 0.24 eV. Although the difference in preference energics for Na(1)

and Na(2) sites prevents fast ion transport in NaZrz(PO4)3, it does not in NaJZrzsiZPOR.
This suggests that a correlated double-jump diffusion takes place, the Na' ions moving out of
Na(1) sites on one side as they move in on the other.

B. Two, Three, and Four M-O Bonds per Network Anion

The structure of g-alumina, (N320) fox 11A1203, consists of blocks of A1203 with spinel
structure separated by layers of NaZO. Within the spinel block, close-packed oxygen atoms
bond to four Al atoms, and no position is available to Na+ ions. Therefore g-alumina conducts
Nat ions only in the separated NaZO layers. The Na?_O laycrs contain two types of O atoms:
those bounding a layer have three Al neighbors to one side, those within a layer have two Al
neighbors on opposite sides, as indicated in Fig.9. Two types of Na®-ion sites exist in the
layers, the Beevers-Ross and anti-Beevers-Ross sites, but the preference energies are appar-
ently comparable. Ia g"-aluminz, a symmetry change makes them equivalent. The excess
xNaZO, which forces occupancy of a fraction of the anti-Beevers-Ross site in g-alumina, may
induce correlated Na* -ion transport of the type suggested for Na3ZrZS°i2PO1Z. The rectangular
botitleneck between these sites has a shortest O-O diameter of 5.42 A, wiich is much larger
than twice the sum of the ionic radii: 4.8 A. A remarkably low activation energy of 0.17 eV
for the Nat-ion resistivity is consisient with the large-area bottleneck and a polarization of the
electronic charge at the boundary 02' ions away from the Na' ions towards the spinel blocks.

CONCLUSION

Several solid electrolytes capable of fast alkali-ion transport have been been identified.
They may be described as consisting of a rigid, three-dimensional network containing mobile
A7 ions in an interstitial space connected in two or three dimensions. Structures containing
one-dimensional tunnels exhibit poor conductivity, especially as polycrystalline ceramics.
Structures having a three-dimensionally linked interstitial space have the highest density of
alkali-ion sites, and hence a potentially large pre-exponential factor in the resistivity expres-
sion: p = po(To/’I‘) exp (—ea/kT).

A small activation energy €, appears to require that the following constraints be inct:

(1) The AY ions should move on energetically equivalent sites, If two crystallographically dis-
tinguishable sites are used for transport, a small difference in site energy is tolerable provided
the number of A' jons exceeds the number of more stable sites, thus allowing correclated ion
transfer to take place. (2) The bottleneck interface between At-ion sites should have a large
enough area that, when an A+ ion is in the interface, the shortest A-O bond is greater than the
sum of the 1onic radii. (3) The anion electronic-charge deusity should be polarized away from
the A* ions so as to minimize the covalent contribution to the A-O bonds. This can be accom-
plished (a) by bonding to three network cations on one side of the anion, as occurs in j-alumina
for the anions bordering the Na,O layers, or (b) by strong 7 and ¢ covalent bonding within a
network 1if the anions bond to only two network cations, as occurs in Na3ZrZSi21’012.

I'inally, the existence of fast-ion transport in three dimensions has been demonstrated for
Na' ions in 1\':’13’2r25i21’012 and for K ions in l\'l.()l\lgo'%Si 0O,. These two compounds muy

1,054
have important practical applications.
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